ABSTRACT: Rates of direct denitrification were measured using I5N isotope techniques in intact sediment cores from fringe and basin mangroves in Terminos Lagoon, Mexico. Sediments were injected with 15N0, and the distribution of I5N was measured over time in the head space, overlying water, and sediments. Experiments included an investigation of spatial variation in denitrification rates by comparing results from the fringe and basin mangroves in the rainy season (July 1991); a second experiment was to determine the effect of 3 diffel-ent NO.; concentrations (25, 100, 200 pm01 core-' "N-KN03-) on denitrificatlon rates and was performed in the fringe mangrove during the 'Norte' season (January 1992). Highest I5N-N2 fluxes were measured in the fringe mangrove at 9.4 pm01 m-* h-', while denitrification rates in the basin mangrove ranged from 1.9 to 4.5 pm01 m-' h-'. I5N-Nz fluxes in sediment cores from the fringe mangrove were significantly higher (4.5 to 7.7 pm01 m-2 h-') in cores enriched with 200 pm01 core-' 1 S~-~~0 3 -c o m p a r e d to cores enriched with 25 and 100 pm01 core-' I5N-K N 0 3 -( < l pm01 m-2 h''). Most of the applied I5N was recovered as particulate nitrogen in the sediment and a small fraction reduced to NH,' in both experiments. The low denitrification rates observed In the fringe and basin mangroves indicate that the capacity for sediment denitrification is limited by low NO3-availability. Previous nutrient exchange studies concluded that the fringe mangrove was a 'sink' of NO3-since sediment uptake of NO3-was assumed lost through denitrification. Results from this study show ~1 0 % of sediment N O 3 uptake in fringe mangroves may be lost to denitrification; the remainder being immobilized in the sediment.
INTRODUCTION
Mangroves are a dominant feature of diverse coastal landscapes in the tropics (Por 1984) including river deltas, lagoons, estuaries, and carbonate platforms . These forested wetlands are important to the productivity of tropical estuaries (Boto et al. 1985 , Twilley et al. 1992 ), yet there is limited information about nutrient cycling in these intertidal macrophytes. Although nitrogen is an essential element to a variety of biological processes in mangrove forests (Alongi et al. 1992) . there are few ecological studies of nitrogen transformations within mangrove ecosystems (Twilley 1988 , Alongi et al. 1992 . In particular, it is not clear how coupled nitrogen transformations within the forest influence the exchange of nitrogen at the boundary of mangroves with coastal waters.
A few studies of nitrogen flux between mangroves and coastal waters conclude that mangroves may be a significant sink of dissolved inorganic nitrogen in tidal waters. For example, Walsh (1967) observed that NO3-concentrations entering a mangrove tidal creek in Hawaii, USA, decreased with distance inland, but no nitrogen fluxes were directly measured. Nedwell (1975) reported that about 90% of NO3-in a polluted station receiving sewage effluent was removed in a mangrove bordered tidal river in Fiji. Rivera-Monroy et al. (1995) measured nitrogen fluxes between Estero Pargo, an unpolluted tidal creek, and a fringe mangrove forest in Terminos Lagoon, Mexico, reporting that mangrove sediments were a sink of NO3-and NH,' throughout the year. Denitrification, the dissimilatory reduction of NO3-to produce N 2 0 and NZ, was considered the process that contributed to NO3-loss in these mangrove studies. Yet, there are few direct measurements of denitrification and estimates of how these rates influence the exchange of nitrogen in mangrove forests (e.g Alongi et al. 1992) . Denitrification may be an important process that regulates nitrogen flux at the mangrove-estuary boundary (Twilley 1988) .
Denitrification is primarily dependent upon anoxic conditions, the presence of a n energy source, and availability of NO3-substrate (Mosier & Schimel 1993) . Depending on the NO,' source, there are 2 types of denitrification. Direct denitrification is fueled by NO,-that diffuses into sediments, while coupled denitrification is supported by NO3-produced by nitrification in sediments (Jenkins & Kemp 1984 , Henriksen & Kemp 1988 . Most of the denitrification studies in mangroves have focused on direct denitrification to understand the potential use of mangroves as a natural tertiary treatment of wastewater (Nedwell 1975 , Corredor & Morell 1994 . Corredor & Morell (1994) concluded that sediments in a fringe m.angrove in Puerto Rico receiving secondarily treated sewage effluent were capable of denitrifying up to 15 times the normal NO3-concentrations (200 to 1000 PM). However, direct denitrification rates were low in sediments from an unpolluted mangrove tidal channel in Australia (Iizumi 1986 ) and represented minor losses of nitrogen from the ecosystem (Alongi et al. 1992) . Boto & Wellington (1988) reported that NO3-was actually exported from this system, indicating a source of inorganic nitrogen to coastal waters These conflicting results on Lhe denitrifying capaclty of mangrove sed.iments lead to the confusion on the role of mangroves as a N O 3 sink (Corredor & Morell 1994) . There is practically no information on direct denitrification in mangroves under natural conditions (i.e. Iizumi 1986) , nor how these rates may differ among riverine, fringe, or basin mangroves (Lugo & Snedaker 1934 , Twilley 1988 . In our study, we assumed that denitrification could account for the uptake of NO3-observed in flux studles of mangroves by Rivera-Monroy et al. (1995) , demonstrating the importance of this transformation to the fate of nitrogen in fringe and basin mangroves. We expected higher denitrification rates in the fringe than in the basin mangroves due to differences in NO3-availability. To test this hypothesis, we measured the effect of different NO,-concentrations on rates of denitrification in intact sediment cores from fringe and basin forests in Estero Pargo during 2 seasons using 15N isotope techniques.
MATERIAL AND METHODS
Study area. This study was carried out in Terminos Lagoon (18" 40' N, 91" 30' W) , a large (-1800 km2), shallow coastal lagoon located in the southwestern section of the Yucatan Peninsula in the state of Campeche, Mexico (Fig. 1) . The climate of the area is tropical with annual average air temperatures ranging from 18 to 36°C. Tides are mixed diurnal with a mean tidal range of about 0.5 m. Average annual precipitation (1680 mm yr-l) is seasonal, with a rainy season from June to October, which is associated with frequent tropical convectional rains. The winter storm, or 'Norte' season, is from November to February with strong north winds and frontal rains. The dry season is from March to June. Peak river discharge occurs In the latter months of the rainy season from September to November. The lagoon is bordered almost completely by extensive mangrove forests that are dominated by 3 species: Rhizophora mangle L. (red mangrove), Avicennia germinans L. (black mangrove), and Laguncularia racemosa Gaertn. f . (white mangrove) (Day et a1 1987) . Estero Pargo is a tidal creek located on the lagoon side of the barrier island, Isla del Carmen. The forests adjacent to the tidal creek are characteristic of fringe mangroves with regular tidal inundation, while the inland forests are characteristic of basin mangroves which are infrequently flooded (Lugo & Snedaker 1974 , Day et al. 1982 . The bulk of the soil material in both mangroves consists of organic matter with many inclusions of fibrous mangrove roots and of coarser woody material. Bulk density in the fringe and riverine mangroves is 0.28 and 0.31 gdw cm-3, respectively (Lynch et al. 1989) . Total nitrogen concentration in sediments reported for the fringe mangrove is 5.7 mg gdw-' and for the basin mangrove is 9 mg gdw-' (Lynch 1989 Experimental design. To evaluate direct denitrification in mangrove sediments, 2 experiments were performed. The first experiment was to investigate spatial variation in denitrification rates by comparing results from the fringe and basin mangroves in the rainy season (July 1991). The second experiment was to determine the effect of different concentrations of NO3-on denitrification rates and was performed in the fringe mangrove during the 'Norte' season (January 1992). Similar concentrations of NO3-were used in the rainy and 'Norte' seasons in the fringe mangrove that allowed a temporal comparison of rates. Experiments were conducted in intact sediment cores collected about 15 m (fringe) and 50 m (basin) inland from the tidal creek in Estero Pargo (Fig. 1) .
Four cores were collected from each of the 2 mangroves for the site comparison study, while 6 cores were used in the fringe mangrove for the concentration study. Plexiglas cylinders (30 cm long, 15 cm i.d. and 0.5 cm wall thickness) were carefully placed on the sediment surface and forced approximately 25 cm into the sediment. The cores were sampled in close proximity to each other to minimize spatial variability and were considered as replicates. Pneumatophores were present in all cores and precautions were taken to assure that the aerial portions of pneumatophores were not damaged during core sampling. Pneumatophore density was similar in both forests (428 * 100 m-' ) despite the dominance of Rhizophora mangle trees in the fringe mangrove. After collecting the core, a rubber cap was placed on the core base and secured with 2 aluminum bands. The cores were carefully transported in the dark back to the laboratory. Sediment tempera- (1992) used similar 15N enrichment of 0.15 g mW2 to study direct denitrification in subtidal sediments. The isotope solutions were made with filtered (GF/F) floodwater collected in the field at the same time as the cores. Solutions were injected into each core at the surface, and at 2 and 9 cm depth to distribute the isotope throughout the core. A water depth of 1 to 2 cm was maintained over the sediment surface within the cores throughout the experiments with ambient floodwater. After isotope enrichment, the cores were incubated outdoors in the dark using a covered plastic chamber under ambient temperature (mean ambient temperature was 28°C). In the site comparison experiment, 1 core was removed from the chamber at 1, 3, 5, and 8 d following 15N-enrichment. At that time pneumatophores were cut about 1 cm from the top of the core and covered with silicone grease (CorningB) to minimize altering the normal exchange of gases through these root structures (Scholander et al. 1955 , Curran 1985 , Nickerson & Thibodeau 1985 , McKee et al. 1988 ). Production of N2 was trapped in the headspace of each core by placing a plexiglas lid with gasket on the core top which was secured with 6 screws distributed evenly around the lid to form a gas-tight connection. The depth of each headspace was recorded, and zero-time gas samples were collected immediately after the headspace was sealed. Gas samples were taken from the headspace using a gas-tight syringe and hypodermic needle through a rubber septum sealed in the lid. Aliquots of 5 m1 were withdrawn at 1 and 10 h, transferred to glass rubber-stoppered vacutainersB (75 mm long by 10 mm i.d.), and stored until assay by 15N mass spectrometry. VacutainersB were stored immersed in water to prevent contamination of atmospheric gases. After each headspace sampling, an equivalent volume (5 ml) of air was replaced to maintain pressure inside the core, and the core was returned to the incubation chamber. Changes in oxygen concentration in the headspace throughout the 10 h incubation were determined on a second 5 m1 aliquot sampled at the same time liN2 gas samples were taken. Oxygen and NZ concentrations were measured with a gas chromatograph (SRI Instruments Model 8610) equipped with a TCD detector and a CTR dual-phase column (~l l t e c h~) using helium as carrier gas. Oxygen concentrations changed < l 4 % in all experiments a n d N2 concentrations were constant over time (data not shown).
At the e n d of the 10 h time series, 50 m1 of overlying water was sampled and each core sectioned at approximately 4 cm intervals to obtain 5 sediment samples per core. Replicate sediment subsamples (50 g per sample) were used for extraction of NH4+ and NO3-(Sumi & Koike 1990) with 2 N KC1 (150 m1 of KC1 per 50 g of sediment) for 1 h. Another 2 subsamples (-35 g ) were also taken from each sample for analysis of percent water (dried at 60°C for 48 h) and bulk density. Dry sediments were ground with mortar and pestle, and assayed for total carbon and nitrogen and I5N content in 4 subsamples per sample.
Sampling of headspace and sediment during the NO3-concentration study followed a similar procedure as the site comparison study. Headspace samples were collected at 1 and 10 h periods following 15N application and after sealing the headspace in each core. Headspace sampling was repeated in each core at 1, 3, and 5 d. At the end of the 5 d incubation the 6 cores were then sectioned and processed for nutrient and 15N analyses as described above.
Sample analysis. Total carbon and particulate nitrogen (PN) were analyzed with a LECOB CHN elemental analyzer. Overlying water and KC1 extracts were analyzed for NH4+ (Solorzano 1969) and. NO3- (Grasshoff et al. 1.983) concentrations. Nitrogen concentrations and sediment densities were used to calculate total NO3-, NH4+, a n d PN per core. Headspace samples were assayed for nitrogen isotopic masses of 28, 29, and 30 by injecting directly into a nuclide Model 3-60-RMS double collector instrument (Premier American Technologies Corp., Bellefonte, PA, USA). Initial air samples obtained at 0 h during the 10 h time series sampling were analyzed a s a reference gas [background) on the IRMS inlet using the sample inlet (Mulvaney & Kurtz 1982) .
I5N enrichment In overlying water, KC1 extracts and sediment were measured with a JASCO 15N emission spectrometer. I5NH4+ and "NO3-in the overlying water a n d KC1 extracts were isolated by sequential steam distillations using MgO to raise the pH above 9.0 (Keeney & Nelson 1982) following reduction of NO,?-+ NO2-to NH,' by Devarda's alloy (Bremer 1965) . Carryover between samples was minimized by a distillation of ethanol between each sample (Fiedler & Proksch 1975) . Fifty m1 of the condensate was collected directly onto approximately 0.035 g of ion sieve (Union Carbide #W-85). The ion sieve trapped 95 % of the NH,+ based on preliminary experiments with 50 m1 of distill.ate. The ion sieve was collected on a 25 mm A/E filter, dried (60°C), placed in Petn dishes, and stored in a vacuum desiccator until assay for "N content. Recovery of NH,' and NO3-following this distillation procedure averaged 99% and 75%, respectively. Samples were prepared by first converting organic and inorganic nitrogen to nitrogen gas with a dry microDumas combustion technique (Fielder & Proksch 1975) . Sediment and ion sieve samples were placed in previously degassed (550°C, 12h) discharge tubes (Pyrex glass 6.0 mm O.D.) containing CaO and Cuprox. The tubes were evacuated to 1 mTorr, and filled with argon to 1 Torr, and preheated to remove residual water vapor. Tubes were again evacuated to 1 mTorr and argon added to obtain vacuum of 1 Torr. The tubes were sealed and later combusted at 550°C for 12 h and cooled to room temperature for another 12 h. The atom% for samples was then determined with a JASCO ''N analyzer (Model N-150). On each sample, 3 scans of the light emission spectra of the 28 and 29 mass were performed. The instrument was calibrated with commercial standards prepared from samples analyzed by mass spectrometry (Japan Spectroscopic Co., Instruction Manual model N, 1986). The formula used to calculate atom% was:
Denitrification rates were calculated using a mass spectrometric procedure developed for determination of 15N-N2 evolved from sediments treated with "Nlabeled substrates (Mulvaney & Kurtz 1982 , Mulvaney & Kurtz 1984 , Mulvaney & Boast 1986 ). The equations used to calculate the total N-flux from the sediment in each core were:
where 29/28 and 30/28 are ion current ratios determined by the mass spectrometer; 'sample' is air sample from a core at some time, t, after installs- 1993 ). Significant differences in rates of ' 5 N -~2 production among treatments in the NO3-concentration experiment were determined with a l-way ANOVA with a level of sig-22 to 44 pg gdw-' in the fringe mangrove and from 6 to nificance of 0.05 (SAS 1993) . A 2-way analysis of vari-18 pg gdw-' in the basin mangrove. There was a ance was used to test differences in sediment NH,+and decline from 18 pg gdw-' at 0 to 6 cm to 7 pg gdw-' at NO3-concentrations between areas in the site compar-18 to 23 cm in the basin mangrove (Fig. 2) . NH,' conison experiment.
centrations did not show any pattern with depth in the fringe mangrove. Although NO3-concentrations were higher in the fringe than in the basin mangrove, this RESULTS AND DISCUSSION difference was not significant (p > 0.05). Mean NO3-concentrations ranged from 5.5 to 9.0 pg gdw-' in the fringe mangrove and from 3.5 to 6.5 pg gdw-' in the Nutrient concentrations and atom% 15N enrichment basin mangrove. There were no differences in NO3-concentrations with depth in either area. Particulate Mean NH4+ concentrations were significantly higher nitrogen (PN) concentrations decline with depth in (p < 0.05) in the fringe than in the basin mangroves in both mangroves (Fig. 3) . PN decreased from 11 mg July 1991 ( Table 1 fringe mangrove. In the basin mangrove there was a large variation associated with the mean at each depth, and concentrations declined from 12.5 mg g d~' to 3 mg gdw-l. PN concentrations were higher in the top 10 cm in the basin mangrove than in the fringe mangrove. C:N ratios were not significantly different with depth in either mangrove, although a slightly higher ratio was measured in the basin mangrove in the top 10 cm. Ratios ranged from 19 to 25 in the fringe mangrove and from 21 to 32 in the basin mangrove. Mean NH,+ concentrations were significantly lower ( p < 0.05) in duplicate cores treated with 25 pm01 core-' l5N-KN03 than in cores treated with 100 and 200 pm01 core-' lSN-KN03. Mean NO3-concentrations were higher in cores amended with 200 pm01 core-' I5N- Table 2 . Bulk density (BD g cm-'), carbon to nitrogen ratios I KN03, but this difference was not significant (Table 2) . There were no differences in mean C:N ratios and bulk densities in all treatments (Table 2) . Mean NO3-concentrations with depth were higher in cores enriched with 200 pm01 core'' 15N-KN03 with values of 7.5 to 9 pg gdw-' at 12 to 19 cm, compared to 2 or 3 pg gdw-' for the other 2 treatments (Fig. 4) . Mean atom% I5NO3-and I5NH4' enrichment with depth for all treatments ranged from 0.1 to 0.31 and 0.1 to 0.39, respectively ( Table 2) .
15N2 production
Denitrification rates were extremely low in both the fringe and basin mangroves in July 1991, although sediments from both areas were treated with 200 pm01 core-' I5N-KN03 (Fig. 5) . The highest denitrification rate (9.4 pm01 m-' h-') was observed in the fringe mangrove after 3 d of incubation. This was the only flux of labeled N2 observed in this mangrove during the 8 d incubation period. In contrast, I5N2 fluxes in the basin mangrove declined from 4.5 pm01 m-2 h-' after Day 1 to 1.9 pm01 m-2 h-' at Day 8. No fluxes were observed at this site on Days 3 and 5 . Rates < 5 pm01 m-' h-' are within the lower limits of detection given the analytical sensitivity and size of headspace in these experiments. Thus the presence and absence of rates in Fig 5 indicate the generally low rates of denitrification at the limits of detection at both mangrove sites. Spatial and temporal variability were confounded in our study since we only analyzed 1 core per time during the incubation in July 1991 . Similar concentrations of extractable nitrogen were observed in all cores from the basin mangrove (Table l) , yet the different physical properties of sediments in these experiments may have influenced the timing of I5N2 fluxes. However, despite these problems, it is apparent that denitrification rates are low in the basin forest. On the other hand, similar rates in replicate cores from the enrichment experiment in January 1992 indicate that most of these experimental cores represented homogenous sediment conditions. Results from this experiment also indicate that nitrogen loss through denitrification may be low in the fringe forest. Nielsen et al. (1990) pointed out that even when there are high densities of denitrifiers in sediment, diffusion processes influenced by bulk density (Rosenfeld 1979 , Mackin & Aller 1984 can control the supply of electron donors or acceptors, even when such nutrients are present at high concentrations. Lindau & Delaune (1991) and RisgaardPetersen et al. (1994) found high variation in N2 fluxes among replicates and attributed it to the nonhomogeneity of cores used in their experiments. Kessel et al. (1993) stated that the major problem in estimating N losses by denitrification was the high degree of spatial and temporal variability of this process. Gas 'entrapment' may contribute from 16 to 41 % of the applied I5N to the mass balance of nitrogen in permanently flooded sediment systems (Lindau et al. 1988 , Katyal et al. 1989 , Lindau & Delaune 1991 . These studies found significant reservoirs of I5N2 in the porewaters from 16 to 33 d following amendments of either urea or I5NO3-to the sediment. Estimates using Bunsen solubility coefficients (Weiss 1970) indicate that N, concentrations are negligible in cores where l5N, in the headspace was detected. It is not possible to determine if gas 'entrapment' was an important process if the nitrogen flux to the headspace was not in equilibrium with the porewater. This difference between the 2 pools is difficult to evaluate due to the lack of direct 15N2 gas measurements in the pore and overlying water. However, even assuming that 15N2 concentrations in the pore and overlying water are not in equilibrium, the high I5N concentrations found in the total sediment pool at the end of the incubation period (see below) do indicate that 15N gas production trapped in the sediment might have been low. Pneumatophores inside our cores were cut and sealed with silicone grease to avoid altering exchange of gases and oxidation in the sediment root zone during the 8 h incubations. Pneumatophores have a significant amount of aerenchyma tissue and are considered as organs responsible for gas exchange between the atmosphere and the internal tissue of mangroves (Scholander et al. 1955) . Redox measurements in areas vegetated by this species indicate that this supply of O2 can modify the redox status of normally reduced sediments (Thibodeau & Nickerson 1986 , Carlson & Yabro 1988 , Mckee et al. 1988 , McKee 1993 . Recent redox measurements in cores from a fringe mangrove in Florida, incubated as descnbed in this study, and with pneumatophore densities similar to the ones observed in our cores, show that redox potentials do not significantly change during 5 d of incubation (Rivera-Monroy et al. unpubl, results) .
Mass balance
The contribution of N, production to the mass balance of enriched nitrogen for each core i.n both experiments was calculated from the cumulative production of N, during the entire incubation period based on hourly denitrification rates. The recovery of I5N in the site comparison experiment between fringe and basin mangroves was <55 % after 8 d of incubation (Table 3) . These estimates of I5N recovery do not include I5N in larger roots and pneumatophores, since these nitrogen pools were not measured. The largest I5N fraction was measured in the sediments with recovery ranging from 33 to 47 % in the fringe mangrove, and from 38 to 50% in the basin mangrove. The second largest I5N fraction was measured in the extractable NH4+ pool. 15NH,+ represented < 3 % of the total I5N recovered in the frlnge mangrove and < 5 % in the basin mangrove. 15N03-concentrations were < l % in both mangroves (Table 3) . Similarly, the amount of in the overlying water was almost zero and represented a very small fraction of the total 15N added in cores. Caffrey & Kemp (1992) also found a small fraction ( < l %) of 15N in the overlying water of vegetated cores. 15N2 in the headspace was detected after 3 d in the fringe mangrove (6 pmol) and after 1 d in the basin mangrove (2 pmol). This flux of nitrogen represented <3 % of the recovered I5N. Mass balance in the fringe and basin mangroves suggests that there are other 15N03-sinks. Since we used intact cores, it is possible that some ''NO3-was absorbed by the root system. Christensen et al. (1990) pointed out that the presence of plants and their roots can make NO3-unavailable to denitrifying bacteria through uptake and assimilation. Boto et al. (1985) reported that in laboratory experiments NO3-uptake was critical for fine root development of Avicennia marina seedlings. Also, NO3-uptake by algae attached to pneumatophores (Dor & Levy 1984 , Rodriguez & Stoner 1990 ) could be another NO3-sink inside the cores. Apparently, 'competition' for NO3-between denitrifiers and uptake by these nitrogen pools might be important in the fringe and basin mangroves during the rainy season.
As in the site comparison study, sediments in the substrate concentration study had the largest accumulation of ' ' N (Table 4 ). The recoveries of excess I5N for both cores enriched with 200 pm01 core-' 15N-KN03 were 70 and 98%, higher than values in the site comparison study. For the replicated cores enriched with 100 pm01 core-' "N-KN03 the recoveries were 99 and 104%, and for the cores in the 25 pm01 core-' 15N-KN03 treatment the recoveries were lower at 41 and 80% (Table 4 ). The second largest fraction of I5N Table 3 . Distribut~on of applied 'W (pm01 core-') among various forms of nitrogen including n~trogen gas [N,) NO3-"Calculated by interpolating denitnfication rates (see 'Methods') hlncludes all 5 sections per core recovered in this experiment was the exchangeable nitrogen pool. The highest recovery ( 1 4 % ) of extractable lSNH4+ was measured in one of the cores enriched with 100 pm01 core-' I5N-KN03; but overall the recovery of 15N in this pool was ~1 0 % . 15N03-recoveries in the KC1-extracts for all cores were < 4 %. 15Nz in the headspace represented < 3 % of the recovered "N. lSNH,+ and I5NO3-in the overlying water were not determined in this experiment due to analytical problems. The recovery of extractable nitrogen pool in the 100 pm01 core-' I5N-KN03-and 200 pm01 core-' 15N-KN03-enrichments may be underestimated due to missing values at some depths. However, this underestimate does not change the overall amount of recovery since low 15N concentrations were generally found in the extractable nitrogen pool.
Recovery of 15N in the NO3-enrichment experiment in January 1992 was >80%, higher than the site comparison study in July 1991. In both experiments most of the recovered 15N in all cores was measured in the sediment. The low recovery of I5N in the extractable pool (which includes pore water I5N and exchangeable I5N ; Mackin & Aller 1984) indicates that adsorption of 15N was low. This suggest that a large amount of inorganic nitrogen was probably absorbed by sedimentary bacteria. Davidson et al. (1992) concluded that microbial assimilation of N O , may be a n important pathway for NO3-retention in forest ecosystems. This might be the case in Estero Pargo given the low NO3-concentrations observed in both mangroves (Table 1) . When the C:N ratio of substrate is low (<15:1) decomposers are not N limited (Morris 1991) , and a net release of inorganic nitrogen to the sediment solution occurs (i.e. mineralization). The high C:N ratios measured in sediments in the fringe (19 to 25.1) and basin (22.3 to 39.2) mangroves in Estero Pargo (Table 1) indicate that nitrogen assimilation by bacterial populations in the sediments was probably favored over mineralization.
We used a mass balance approach to estimate potential denitrification rates in comparison to rates calculated from 15N-N2 production in the cores amended with 200 pm01 core-' I5N-KNO~. Assuming that the unrecovered 15N after 8 d of incubation is lost to denitrification in the fringe (92.6 pmol) and basin (96.9 pmol) sediments in July 1991, then we would have denitrification rates of 26.5 pm01 m-2 h-' and 27.8 pm01 m-2 h-', respectively. Similarly, for replicate cores amended with 200 pm01 in January 1992, we calculated denitrification rates of 27.5 and 1.6 pm01 m-2 h-'. It is likely that most of the unaccounted 15N may have accumulated in other nitrogen pools (i.e. pneumatophores with attached algae) and not lost to denitrification. The high recovery (70 to 100 %) of 15N in the sediments and the low denitrification rates also indicate that sedimentary microbes may play an important role in the nitrogen cycle of the fringe and basin mangroves. These results are similar to other studies that demonstrate the significance of microbial immobilization of NO3-in forest soils (Davidson et al. 1992 , Hart et al. 1994 .
We observed I5NH4+ in KC1 extracts (Tables 3 & 4) from sediment in both experiments indicating that NO3-'ammonification', the reduction of NO; to NH,' (Koike & Ssrensen 1988) , occurred in all the incubat i o n~. In contrast to denitrification, which represents a net loss of nitrogen from an ecosystem, NO3-'ammonification' recycles nitrogen within the ecosystem as NH,'. In general, denitrifiers dominate environments in which the C:N ratio is low (<15), whereas NO3-is primarily reduced to NH4+ in carbon rich environments (C:N > 20) (Cole & Brown 1980) . Denitrification and NO,-ammonification can occur simultaneously in sedi m e n t~; the dominance of one process over the other depends on N O , concentrations and C:N ratios of the sediments (Smith et al. 1982 , King & Nedwell 1987 , Rehr & Klemme 1989 . N O , ammonification may be an important nitrogen transformation in mangrove ecosystems due to their generally low NO3-sediment concentrations (pore waters = 0 to 21 pM; Alongi et al. 1992 , Boto 1992 ) and high C:N ratios (>20) (Boto & Wellington 1984 , Twilley et al. 1986 , Steyer 1988 , Lynch et al. 1989 , Lugo 1990 ). Certainly, NO3-reduction to NHd+ in temperate coastal sediments is equally or sometimes more important than denitrification (Ssrensen 1978 , Nishio et al. 1982 , Koike & Sorensen 1988 . Despite the potential key role NO3-ammonification might have in the nitrogen cycle in mangrove ecosystems, there are no published references on this process. difference in the 25 and 100 pm01 core-' "N-KN03 amendments. However, by Day 5 denitrification rates were 0.08 pm01 m-' h-' in one core at 200 pm01 core-', and 0.11 pm01 m-2 h-' in the 100 pm01 core-' enrichment.
The spatial and seasonal variation of denitrification in marine sediments has been associated with both the kinetic nature of denitrification capacity and differences in NO3-concentration (Twilley & Kemp 1986) . The kinetic response of denitrification in mangrove sediments to NO3-concentration has been investigated indirectly using NO3' uptake (reduction) from overlying water (Nedwell 1975 , Ilzumi 1986 , Shaiful 1987 . The kinetic nature of NO,-uptake (potential denitrifiDenitrification and NO3-exchange cation) is described with K,,, values that represent NO3-concentrations at one-half the saturated uptake I5N2 fluxes from sediment cores in the fringe man-(reduction) rates. K,,, values (PM) for mangrove sedigrove treated with different concentrations of NO,-ments vary from a low of 10 to 69 pM for mangroves in were distinct (Fig. 6) . After 1 d of incubation, denitrifiHinchinbrook Island, Australia (Iizumi 1986) , to higher cation rates ranged from 4.5 to 7.7 pm01 m-2 h-' in the values of 167 to 189 pM for mangroves in Selangor, 200 pm01 core-' I5N-KNO, treatment, but I5N2 producMalaysia (Shaiful 1987) , and 180 to 600 pM in man- to a range of 78 to 261 pm01 m-' h-' in the polluted site The only observed production of I5N2 in the other 2 in Fiji (Nedwell 1975) . Maximum NO3-reduction rates treatments was measured in one core at 100 pm01 (V,,,, using a kinetic approach) in mangrove sediments core-' "N-KN03, while no N2 flux was observed durusing a flow through core design were 1320 to ing the 5 d experiment in either of the 2 cores amended 1520 pm01 m-2 h-' in 2 mangrove sites in Selangor with 25 pm01 core-' 15N-KNO,. Thus, rates were signif- (Shaiful 1987 ). The extreme variation in the kinetic icantly higher (p < 0.05) in cores enriched with 200 nature of potential denitrification (NO3' uptake) in pm01 core-' I5N-KN03, while there was no significant mangrove sediments follows the pattern of lower affinity (higher K,,,) and higher capacity (higher 8 V,,,) in areas of higher carbon and nitrogen supply (Twilley & Kemp 1986) .
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The highest rates of NO; uptake by mangrove sediments in Estero Pargo were grove was lost through denitrification, and '5N03-Enrichment (vmol) concluded that this fringe mangrove was a sink of nitrogen. However, as shown Estero Pargo, Mexico suggesting that this mangrove acts as a transformer of nitrogen (Nixon & Lee 1986 ) rather than a nitrogen sink. This is the first work where ''N techniques have been used to evaluate denitrification rates in mangrove sediments. Addition of inorganic "NO, to sediment cores from fringe and basin mangroves in Estero Pargo had minor effect on rates of denitrification. Mass balances in both mangroves showed that a large percentage of the added 15N03-was transformed into particulate nitrogen in the sediment, while a small fraction was reduced to NH,+. The dominance of these nitrogen transformations can probably be associated with the low availability of N O 3 and the high (>20) C:N ratios of these mangrove sediments. Yet, additional work is needed to evaluate the importance of root and algae uptake in competing with denitrifiers for NO3-. Results from this study indicate that the capacity for denitrification in oligotrophic mangrove sediments is low. The reduction of NO3-in tidal waters in mangroves, particularly at low concentrations, may not necessarily be associated with loss due to denitrification. Thus, studies of nitrogen cycling based on changes in NO3-concentration in tidal waters, such a s the studies referred to above, may not accurately describe the function of mangroves as a nitrogen sink.
Studies in coastal marine sediments in temperate regions have shown that nitrification is a major source of nitrate for denitrification (Henriksen & Kemp 1988 , Seitzinger 1988 ), but it is not clear if this is the case for tropical and subtropical coastal ecosystems (Alongi et al. 1992) . Nitrifying bacteria have been measured in mangrove sediments, but nitrification rates are generally low at ~0 . 2 2 pm01 g-l d-L (Iizumi 1986 , Shaiful et al. 1986 , Alongi et al. 1992 . Shaiful (1987) estimated that nitrate reduction (denitrification) has the capacity to consume 89 to 90 % of the NO3-derived from nitrification. However, direct estimates of coupled nitrification-denitrification in mangroves are needed to evaluate the contribution of this source of NO3-to nitrogen loss in mangrove ecosystems. Spatial and temporal patterns of total denitrification in mangrove sediments of Estero Pargo will depend on determinations of coupled nitrification-denitrification rates to complement the low rates of direct denitrification described in this study.
